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Introduction {#sec001}
============

Accumulation of macrophage foam cells within the arterial wall contributes to the pathogenesis of atherosclerosis and advanced plaque rupture \[[@pone.0154820.ref001], [@pone.0154820.ref002]\]. Foam cell accumulation may result from macrophage uptake of excessive modified lipoproteins or impairment of intracellular cholesterol efflux. Growing evidence suggests that promoting cholesterol efflux from these cells is an effective means to inhibit the development of atherosclerosis \[[@pone.0154820.ref003]--[@pone.0154820.ref005]\]. The first step of cholesterol efflux to apolipoprotein A-I (apoA-I) or high-density lipoprotein (HDL) is the release of cholesterol from lipid droplets (LDs) \[[@pone.0154820.ref006], [@pone.0154820.ref007]\]. Therefore, understanding how cholesterol esters in LDs are hydrolyzed and mobilized for efflux will help treat atherosclerotic disease.

Macroautophagy (hereafter referred to as autophagy) has been shown to be a major degradation route for abnormal aggregated proteins and damaged cellular organelles \[[@pone.0154820.ref008], [@pone.0154820.ref009]\]. The autophagic process is composed of the formation of double-membrane autophagosomes (APs) that sequester cytoplasmic components, fusion with lysosomes, and the degradation of autophagic cargoes in autophagolysosome (ALs). The above dynamic process of autophagy is defined as autophagy flux \[[@pone.0154820.ref010], [@pone.0154820.ref011]\]. Recently, some evidence supports that autophagy contributes to the degradation of intracellular modified low-density lipoproteins (LDLs) in foam cells \[[@pone.0154820.ref012]--[@pone.0154820.ref014]\]. In these foam cells, LDs are engulfed into APs and then delivered to lysosomes for degradation, followed by hydrolysis of intracellular lipids into free cholesterol mainly for ATP-binding cassette transporter A1 (ABCA1)-dependent efflux. Impaired autophagy flux can promote, but activation of autophagy impedes, the intracellular aggregation of lipids and formation of foam cells \[[@pone.0154820.ref012], [@pone.0154820.ref015]--[@pone.0154820.ref017]\]. Therefore, restoring the impaired autophagy flux in foam cell may be a promising therapeutic strategy to reverse atherosclerosis.

Curcumin, a hydrophobic polyphenol isolated from turmeric, was previously shown to protect human umbilical vein endothelial cells from oxidative stress injury via inducing activation of autophagy \[[@pone.0154820.ref018]\]. More recently, a series of curcumin derivatives have been developed to enhance protective effects on cardiovascular system and overcome the limitations of poor aqueous solubility and relatively low bioavailability \[[@pone.0154820.ref019], [@pone.0154820.ref020]\]. Nicotinate-Curcumin (NC), a compound synthesized from nicotinate and curcumin, exhibits superior water solubility and stability in solution. Importantly, the compound has been found to regulate lipid metabolism and inhibit atherosclerosis in apolipoprotein E deficient (apoE^-/-^) mice \[[@pone.0154820.ref021], [@pone.0154820.ref022]\]. However, the precise mechanisms underlying these protective effects remain obscure.

Here we hypothesized that NC can restore the impaired autophagy flux in oxidized low-density lipoprotein (ox-LDL)-treated THP-1 (an established human acute monocytic leukemia cell line) cells, and such a restoration may facilitate ox-LDL degradation and cholesterol efflux. In this study, we first investigated the protective function of autophagy against foam cell formation in ox-LDL-induced THP-1 cells. Then we focused on the effects of NC on autophagy flux and lipid accumulation in ox-LDL-treated THP-1 cells. Finally, we explored the mechanism by which NC decreased lipid aggregation and rescued the impaired autophagy flux in THP-1 cells challenged with ox-LDL. Our results indicate that NC decreases cholesterol ester accumulation in ox-LDL-induced THP-1 cells by facilitating autophagy flux likely through inhibition of the PI3k-Akt-mTOR pathway.

Materials and Methods {#sec002}
=====================

Cell culture {#sec003}
------------

THP-1 cell line was obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China, CAS No: KG224) \[[@pone.0154820.ref023]\]. Cells were cultured in RPMI 1640 media (Sigma) containing 10% fetal bovine serum (FBS), penicillin (100 U/ml) and streptomycin (100 μg/ml) in 10 cm^2^ dishes at 37°C and 5% CO~2~. THP-1 monocyte differentiation into macrophages was induced by treatment with 160 mg/ml phorbol-12-myristate-13-acetate (PMA) for 24 h. Subsequently, macrophages were transformed into foam cells by incubation with 100 μg/ml ox-LDL for 36 h.

Preparation of ox-LDL and Dil-ox-LDL {#sec004}
------------------------------------

The ox-LDL was prepared as described \[[@pone.0154820.ref024]\]. Briefly, human LDL (purchased from Dalian Meilun Biotech Co., CAS No: MB12475) was incubated with 5 μM CuSO~4~ for 24 h at 37°C. The extent of oxidation was analyzed by measuring thiobarbituric acid-reactive substances (TBARs). TBARS was determined colorimetrically with malondialdehyde (MDA) as a standard. The TBARS of starting LDL is 0.15 nM of MDA/mg protein, and ox-LDL is 28.6 nM of MDA/mg protein.

Dil-ox-LDL was prepared with purified ox-LDL as described previously \[[@pone.0154820.ref025]\].

Oil Red O staining {#sec005}
------------------

Cultured THP-1 cells were plated at density of 2 × 10^5^ cells/well on cover slides in six-well plates and incubated with noted reagents for 36 h. Cells were fixed with 4% paraformaldehyde after washing 3 times with cold phosphate-buffered saline (PBS), and then stained with 0.5% Oil Red O solution. Hemotoxylin was used for counterstaining. Foam cells were observed under a microscope at × 200 magnification. Total intracellular cholesterol levels were measured as described \[[@pone.0154820.ref026]\].

Cholesterol efflux assay {#sec006}
------------------------

THP-1 cells were plated in 12-well plates at density of 1 × 10^6^ cells/well, and then incubated in medium containing 100 μg/ml ox-LDL that was labeled with 0.5 μ Ci/ml ^3^H-cholesterol (PerkinElmer) for an additional 30 h. Subsequently, macrophages were washed twice with PBS and incubated with 2 mg/ml BSA (FAFA, Sigma) media. Cholesterol efflux was measured in the presence of human apoA-I (10 mg/ml) or HDL (50 mg/ml) in serum-free media with or without the indicated treatments for 6 h. Supernatants were collected for cholesterol efflux assay. The results were expressed as a percentage of effluxed ^3^H-cholesterol / total cell cholesterol ^3^H-cholesterol content (effluxed ^3^H-cholesterol + intracellular ^3^H-cholesterol) × 100%.

Cholesterol uptake assay {#sec007}
------------------------

Dil-ox-LDL binding assay was used to measure cholesterol uptake by THP-1 macrophages. Cells were treated with Dil-ox-LDL (100 μg/ml), Dil-ox-LDL (100 μg/ml) + NC (10 μM), ox-LDL (100 μg/ml) + NC (10 μM) + 3-MA (10 mM), Dil-ox-LDL (100 μg/ml) + NC (10 μM) + CQ (20 μM), and Dil-ox-LDL (100 μg/ml) + vehicle for 36 h, respectively. After cells were washed 3 times with PBS, the cell lysates were harvested and analyzed by the fluorometry as described previously \[[@pone.0154820.ref027]\].

Western blot analysis {#sec008}
---------------------

Western blot analyses were performed as described \[[@pone.0154820.ref028]\]. In brief, cells were lysed with Laemmli buffer. Proteins (20 μg from each sample) were separated by SDS-polyacrylamide gels (Invitrogen), followed by electrophoretical transferring to polyvinylidenedifluoride (PVDF) membranes. After being blocked with 5% milk, the membranes were first incubated with primary antibodies against LC3, p62, p-mTOR, p-p70S6K, and PI3K, respectively, and then washed and incubated with horseradish peroxidase-linked secondary antibodies. The bands were visualized using an enhanced chemiluminescence kit. Densitometry of each band was analyzed with Sigma Scan Pro5 software and normalized to that of GAPDH.

Transmission electron microscopy (TEM) {#sec009}
--------------------------------------

Ox-LDL-loaded THP-1 macrophages were incubated with indicated reagents for 36 h. After removal of culture medium and washing three times, cells were fixed with 2.5% glutaraldehyde, postfixed in 1% OsO~4~ and dehydrated in a graded ethanol series. Samples were embedded in epoxy resin, followed by ultra-thin sectioning (40--60 nm). The sections were counter-stained with uranyl acetate and lead citrate, and observed at 60 kV by a JEOL 1230 TEM with images acquired.

Cell transfection {#sec010}
-----------------

THP-1 cells were transfected with a GFP-LC3II or GFP-RFP-LC3II plasmid (Han-heng company, Shanghai, China) according to the manufacturer's instructions. Briefly, cells were plated on coverslips in 24-well plates (2 × 10^5^ cells/well) overnight, and cells were then transfected with the purified recombinant plasmid GFP-LC3II or GFP-RFP-LC3II using Lipofectamine LTX and PLUS reagents (Invitrogen) for 4 h in Opti-MEM medium (Invitrogen). Subsequently, the transfection medium was replaced, and the cells were cultured in DMEM complete medium containing 15% (vol/vol) FBS for 24 h, followed by various treatments as indicated in figure legends.

Confocal microscopy {#sec011}
-------------------

The images of THP-1 cells transfected with GFP-RFP-LC3II plasmid were obtained with a Leica TCS SP5 laser scanning confocal microscope. To quantify the number of autophagic puncta (GFP/RFP, free RFP) per cell, confocal microscopy images were binarized to black and white images by Quantity one (Bio-Rad) and then converted to centroids for scoring automatically by the image processing tool kit.

Immunocytochemistry {#sec012}
-------------------

To evaluate intracellular lipid droplet accumulation, THP-1 cells or the cells transfected with a GFP-LC3II plasmid were grown on coverslips in six-well plates and incubated with indicated reagents for 36 h. Cells were washed with PBS 3 times and fixed with 4% paraformaldehyde/PBS. Cells were then stained with Nile Red (10 ng/ml) for 30 min to visualize LDs. Images were obtained using a confocal microscope with appropriate lasers. 15 cells were randomly selected from each group to measure the average number of LDs and the percentage of colocalization of LDs with LC3-II per cell.

Statistical analysis {#sec013}
--------------------

All data were expressed as mean ± SEM of at least 3 independent experiments. Differences between the groups were determined by one-way ANOVA with Newman-Keuls post-hoc test. Means between two groups were analyzed by Student's t-test. Statistics was performed using the GraphPad Prism 5 software. *P* \< 0.05 was considered to be statistical significance.

Results {#sec014}
=======

Autophagy protects against foam cell formation in ox-LDL-treated THP-1 macrophages {#sec015}
----------------------------------------------------------------------------------

To explore the role of autophagy in THP-1 foam cell formation, we evaluated the autophagic changes in ox-LDL-treated THP-1 cells. LC3-II and p62 proteins are two markers of autophagy. We first investigated whether the levels of these two proteins were altered in THP-1cells in response to treatment with ox-LDL. We observed that treatment with ox-LDL significantly decreased LC3-II expression ([Fig 1A and 1B](#pone.0154820.g001){ref-type="fig"}) and increased p62 levels ([Fig 1A and 1C](#pone.0154820.g001){ref-type="fig"}) in THP-1 cells. To confirm a block in autophagy flux, the fusion between autophagosomes and lysosomes was inhibited with Chloroquine (CQ, an inhibitor of autophagy flux). Our results showed that LC3-II and p62 levels were remarkably increased in control + CQ group as compared to the control group. However, ox-LDL group had nearly saturated LC3-II and p62 levels, and no further significant increase was observed in response to treatment with CQ, suggesting a defect in autophagy flux.

![Autophagy prevents ox-LDL-induced foam cell formation in THP-1 cells.\
THP-1 cells were treated with the vehicle solution (control), control + CQ (10 μM), ox-LDL (100 μg/ml), ox-LDL (100 μg/ml) + CQ (10 μM), ox-LDL (100 μg/ml) + Rap (20 μM) for 36 h, respectively. (A) LC3-I (18 kDa), LC3-II (16 kDa), and p62 (62 kDa) protein levels were detected by western blot analysis. Each lane contained 20 μg proteins for all experiments. (B) and (C) The LC3-II/LC3-I ratio and p62 level were quantified with Sigma Scan Pro5 software. Each lane was normalized to that of GAPDH (kDa). (D) Oil red O staining was used to evaluate THP-1 foam cell formation (magnification × 200). (D) Intracellular total cholesterol content was determined by enzymatic assay. All the data were shown as mean ± SEM of three independent experiments. \**P* \< 0.05, \*\**P* \< 0.01.](pone.0154820.g001){#pone.0154820.g001}

We then assessed the effects of autophagy on foam cell formation in ox-LDL-treated THP-1 cells. CQ and rapamycin (Rap, an inhibitor of mTOR) were used to block and induce autophagy in THP-1 cells, respectively. As shown in [Fig 1A and 1C](#pone.0154820.g001){ref-type="fig"}, CQ exacerbated, whereas Rap rescued, the impairment of autophagy in ox-LDL-treated THP-1 cells, as indicated by changes of LC3II and p62 levels. Consistently, both Oil Red O staining and total cholesterol quantification showed that CQ promoted the ox-LDL-induced foam cell formation and increased intracellular cholesterol content, whereas Rap exerted the opposite effects ([Fig 1D and 1E](#pone.0154820.g001){ref-type="fig"}). These results suggested that autophagy attenuated foam cell formation in ox-LDL-treated THP-1 cells.

NC rescues the impaired autophagy flux in ox-LDL-treated THP-1 cells {#sec016}
--------------------------------------------------------------------

Autophagy flux was suppressed in ox-LDL-treated THP-1 cells. Subsequently, we determined the effects of NC on the impaired autophagy. THP-1 cells were treated with ox-LDL (100 μg/ml) in the presence or absence of NC for 36 h, followed by determination of the levels of LC3II and p62 with western bolt assay. As shown in [Fig 2A and 2C](#pone.0154820.g002){ref-type="fig"}, the ox-LDL-induced autophagy flux impairment was significantly rescued by NC in a concentration-dependent manner (1, 5, 10 μmol/L) with the maximal effect at 10 μM, as demonstrated by the elevated LC3II and decreased p62 levels. Therefore, 10 μM NC was selected for cell treatments in subsequent experiments. Taken together, our data suggested that NC rescued the impaired autophagy flux in ox-LDL-treated THP-1 cells.

![NC rescues the impaired autophagy flux in ox-LDL-treated THP-1 cells.\
(A) THP-1 cells were treated with different concentration of NC (0, 1, 5, 10, 20 μM) in the presence of ox-LDL (100 μg/ml) for 36 h. Cell lysates were analyzed by western blotting assay for LC3-I (18 kDa), LC3-II (16 kDa), and p62 (62 kDa) protein levels. Each lane was loaded with 20 μg proteins in all experiments. (B) and (C) The LC3-II and p62 levels were quantified with Sigma Scan Pro5 software. (D) Confocal images of representative images of GFP and RFP fluorescent puncta in THP-1 cells transfected with GFP-RFP-LC3II for 24 h, and then treated with indicated reagents for 36 h. (E) Quantification of GFP/RFP double-positive and RFP single-positive puncta in each cell treated with indicated reagents for 36 h (n = 23 cells/group). All the data were shown as mean ± SEM of three independent experiments. \**P* \< 0.05, \*\**P* \< 0.01.](pone.0154820.g002){#pone.0154820.g002}

To further examine whether NC restored autophagy flux in ox-LDL-treated THP-1 cells, the cells were overexpressed with the tandem monomeric GFP-RFP-LC3-tagged protein and analyzed by confocal microscopy. The GFP fluorescence (green puncta) primarily indicates autophagosome, whereas RFP fluorescence (red puncta) represents both APs and ALs. Given that mCherry fluorescence persists even in acidic condition of the lysosome lumen where GFP loses its fluorescence, colocalization of GFP and RFP fluorescence (yellow puncta) in merged images indicated APs, whereas the solely red puncta represented ALs. Autophagy flux was indicated by the ratio between the number of red and yellow dots. As shown in [Fig 3D and 3E](#pone.0154820.g003){ref-type="fig"}, autophagy flux in ox-LDL group was much lower than that in control group, suggesting an impairment of autophagy flux in THP-1 cells by ox-LDL treatment. In ox-LDL + NC group, both green and red puncta were obviously increased, and the yellow dots were also remarkably increased in the merged images when compared with the ox-LDL group. In a comparison of ox-LDL + NC group, there were much more yellow puncta in ox-LDL + NC +CQ group and much less red puncta. These results indicated that treatment with NC restored the autophagy flux in ox-LDL-treated THP-1 cells.

![NC reduces ox-LDL accumulation in THP-1 cells via activation of autophagy.\
(A) Representative photomicrographs of THP-1 cells loaded with Dil-ox-LDL. Cells were treated with ox-LDL (100 μg/ml), ox-LDL (100 μg/ml) + NC (10 μM), ox-LDL (100 μg/ml) + NC (10 μM) + 3-MA (10 mM), ox-LDL (100 μg/ml) + NC (10 μM) + CQ (20 μM), and ox-LDL (100 μg/ml) + vehicle for 36 h. After washing 3 times, cell lysates were collected for the measurement of fluorescence. Nuclei were counterstained with DAPI. (B) Quantification of fluorescence intensity from experiments as described in (A). (C) TEM was used to evaluate foam cell formation and autophagy alteration. THP-1 cells were treated with vehicle, ox-LDL (100 μg/ml), ox-LDL + NC (10 μM)), ox-LDL (100 μg/ml) + NC (10 μM) + 3-MA, ox-LDL (100 μg/ml) + NC (10 μM) + CQ (20 μM), and ox-LDL (100 μg/ml) + vehicle for 36 h, respectively. Mitochondria (M), the nucleus (N), lysosomes (L), autophagosomes (APs), autophagolysosomes (ALs), and lipid droplets (LDs) were indicated. (D, E, and F) Average number of APs, ALs, and LDs was quantified as described in Methods section (n = 12 cells/group). All the data were shown as mean ± SEM of 3 independent experiments. \**P* \< 0.05, \*\**P* \< 0.01.](pone.0154820.g003){#pone.0154820.g003}

NC reduces ox-LDL accumulation in THP-1 cells through induction of autophagy {#sec017}
----------------------------------------------------------------------------

It was previously showed that autophagy deficiency promotes atherosclerosis, and curcumin induces autophagy and increases vascular endothelial cell survival in the presence of oxidative stress. Thus we speculated that NC treatment may decrease ox-LDL accumulation in THP-1 cells by restoring autophagy flux. To investigate whether NC inhibition of THP-1 foam cell formation was dependent on autophagy flux, we then assessed whether the inhibition of autophagy by 3-methyladenine (3-MA) or blockade of autophagy-lysosome pathway by CQ would affect the NC-induced protection in THP-1 cells. We took advantage of Dil-ox-LDL, an ox-LDL labeled with the fluorescent probe, which can be up-taken and aggregated by macrophages. As shown in [Fig 3A and 3B](#pone.0154820.g003){ref-type="fig"}, the accumulation of ox-LDL was much more significant in ox-LDL-treated group than ox-LDL + NC group, suggesting that treatment with 10 μM NC had significant effects (*P* \< 0.01). Compared with ox-LDL + NC group, however, the intracellular accumulation of Dil-ox-LDL was more significant (*P* \< 0.01) in ox-LDL + NC + 3-MA or ox-LDL + NC + CQ group, suggesting that co-treatment with 3-MA or CQ abrogated the inhibitory effect of NC on ox-LDL aggregation in THP-1 cells. These results suggest that NC diminishes ox-LDL accumulation in THP-1 cells likely through restoring autophagy flux.

To further establish that NC inhibits foam cell formation in ox-LDL-treated THP-1 cells via rescuing autophagy flux, we used the previously described morphological criteria to define AP, AL, and LD with transmission electron microscopy (TEM). As shown in [Fig 3C](#pone.0154820.g003){ref-type="fig"}, TEM images showed obvious morphologic changes in ox-LDL-treated THP-1 cells, when compared with the control cells, characterized by increased number of LDs, impaired organelles, and decreased number of APs and ALs. In contrast, NC treatment markedly decreased the accumulation of LDs, and increased the number of ALs and APs in ox-LDL-treated THP-1 cells. Meanwhile, double-membrane vesicles, which are analogous to APs, in and around LDs were observed in ox-LDL + NC group. However, compared with ox-LDL + NC group, the numbers of APs ([Fig 3C and 3D](#pone.0154820.g003){ref-type="fig"}) and ALs ([Fig 3C and 3E](#pone.0154820.g003){ref-type="fig"}) were significantly decreased in ox-LDL + NC + 3-MA group. The number of APs ([Fig 3C and 3D](#pone.0154820.g003){ref-type="fig"}) significantly increased, and the number of ALs ([Fig 3C and 3E](#pone.0154820.g003){ref-type="fig"}) reduced in ox-LDL + NC + CQ group when compared with those in ox-LDL + NC group, accompanied by significant enhancement of LD accumulation ([Fig 3A and 3F](#pone.0154820.g003){ref-type="fig"}). These data further suggested that NC treatment decreased LD aggregation in THP-1 cells via rescuing autophagy.

NC facilitates lipophagy of THP-1 cells {#sec018}
---------------------------------------

To examine whether degradation of LDs is associated with autophagy, the colocalization of LC3-II with ox-LDL was determined by immunofluorescence. As indicated in [Fig 4A and 4B](#pone.0154820.g004){ref-type="fig"}, there was only a small number of colocalization of ox-LDL with LC3-II in ox-LDL-treated THP-1cells, indicating that ox-LDL degradation by autophagy was inhibited. Interestingly, more colocalization of ox-LDL with LC3-II was found in ox-LDL + NC group than the control group, which was further significantly (*P* \< 0.05) enhanced in ox-LDL + NC + CQ as compared with that in ox-LDL + NC group. Compared with ox-LDL + NC group, however, colocalization of these two markers was remarkably reduced in ox-LDL + NC + 3-MA group, suggesting that inhibition of autophagy decreased ox-LDL degradation. These data suggest that NC promotes the degradation of cytoplasmic ox-LDL via enhancing autophagy.

![NC enhances intracellular ox-LDL degradation through facilitation of lipophagy.\
(A) Representative photomicrographs of colocalization of lipid droplets (LDs) with LC3-II in THP-1 cells. After THP-1 cells were transfected with GFP-LC3II for 24 h, cells were treated with ox-LDL (100 μg/ml), ox-LDL (100 μg/ml) + NC (10 μM), ox-LDL (100 μg/ml) + NC (10 μM) + 3-MA (10 mM), ox-LDL (100 μg/ml) + NC (10 μM) + CQ (20 μM), and ox-LDL (100 μg/ml) + vehicle for 36 h. After washing with PBS, cells were fixed with 4% paraformaldehyde, and then stained with Nile Red (10 ng/ml) for 30 min to evaluate the accumulation of LDs. The colocalization of LDs with LC3II was examined by immunocytochemistry as described in Methods section. (B) The percentage of colocalization of LDs with LC3-II was quantified with Image J software (n = 16 cells/group). (C) Representative photomicrographs of LD accumulation in THP-1cells. Cells were incubated with ox-LDL (100 μg/ml) conjugate without or with NC of 36 h, or pre-incubated with ox-LDL for 4 h, and then treated without or with NC for additional 36 h. The intracellular LD accumulation was evaluated by Nile Red (10 ng/ml) staining. (D) Average number of LDs in THP-1 cells was quantified (n = 12 cells/group). All the data were shown as mean ± SEM of 3 independent experiments. NS: no significant difference. \**P* \< 0.05, \*\**P* \< 0.01.](pone.0154820.g004){#pone.0154820.g004}

To further investigate whether NC decreased foam cell formation via facilitating lipophagy or inhibiting formation of lipid droplets, THP-1 cells were incubated with ox-LDL together with or without NC, or pre-incubated with ox-LDL, followed by treatment with or without NC. The number of LDs in THP-1 cells was counted. As shown in [Fig 4C and 4D](#pone.0154820.g004){ref-type="fig"}, the number of LDs in NC-treated group was significantly reduced when compared with that in vehicle group. However, the number of LDs in the group with NC co-treatment was not significantly different as compared with that in the group with NC treatment after ox-LDL incubation. Collectively, these results indicate that NC-induced decrease in LD accumulation was mainly via facilitation of lipophagy, but not inhibition of its formation.

NC promotes cholesterol efflux from THP-1 cells via rescuing autophagy flux {#sec019}
---------------------------------------------------------------------------

It has been established that autophagy regulates lipid metabolism and cholesterol efflux. Since NC restored autophagy flux and decreased foam cell formation in ox-LDL-treated THP-1 cells, we next explored whether NC promotes cholesterol efflux via rescuing autophagy. In present study, THP-1 cells were loaded with ox-LDL containing ^3^H-cholesterol, and the efflux of the labeled cholesterol to apoA-1 and HDL was determined, respectively. As shown in [Fig 5A](#pone.0154820.g005){ref-type="fig"}, apoA1-mediated cholesterol efflux was significantly (*P* \< 0.01) increased in ox-LDL + NC group, as compared with THP-1 cells treated with ox-LDL alone. However, compared with ox-LDL + NC group, apoA1- and HDL-mediated cholesterol efflux was dramatically decreased in ox-LDL + NC + 3-MA group, respectively, implying that 3-MA diminished the effect of NC on cholesterol efflux in THP-1 cells. Furthermore, the effect of CQ on NC-promoted cholesterol efflux mediated by apoA1 and HDL was also examined. Our results showed that CQ had similar effects as shown in the group treated with ox-LDL + NC + 3-MA ([Fig 5B](#pone.0154820.g005){ref-type="fig"}). These findings suggest that NC increases cholesterol efflux via restoring autophagy flux in ox-LDL-treated THP-1 cells.

![NC promotes cholesterol efflux via restoring autophagy flux.\
(A)and (B) THP-1 cells were incubated in medium containing 100 μg/ml ox-LDL that was labeled with 0.5 μ Ci/mL ^3^H-cholesterol (PerkinElmer) for an additional 30 h and then treated with vehicle, NC (10 μM), NC (10 μM) +3-MA (10 mM), and NC (10 μM) + CQ (20 μM) for additional 6 h. Subsequently, ApoA1- or HDL-mediated cholesterol efflux was analyzed by liquid scintillation counting assay. The efflux is expressed as the percentage of effluxed ^3^H-cholesterol/total cell cholesterol ^3^H-cholesterol content (effluxed ^3^H-cholesterol + intracellular ^3^H-cholesterol) × 100%. All the data were shown as mean ± SEM of 3 independent experiments. NS: no significant difference. \**P* \< 0.05, \*\**P* \< 0.01.](pone.0154820.g005){#pone.0154820.g005}

NC restores autophagy flux through the m-TOR pathway {#sec020}
----------------------------------------------------

It is known that the m-TOR signaling plays a critical role in regulation of autophagy and mTOR inhibition leads to activation of autophagy. To understand the potential mechanism underlying NC restoration of autophagy flux in ox-LDL-treated THP-1 cells, we further investigated the effect of NC on ox-LDL-induced mTOR activation and impairment of autophagy flux by western blot assay. As shown in [Fig 6](#pone.0154820.g006){ref-type="fig"}, the levels of PI3K ([Fig 6A and 6B](#pone.0154820.g006){ref-type="fig"}), phosphorylated mTOR (p-mTOR) ([Fig 6A and 6C](#pone.0154820.g006){ref-type="fig"}), p-p70S6K ([Fig 6A and 6D](#pone.0154820.g006){ref-type="fig"}), and p62 ([Fig 6A and 6F](#pone.0154820.g006){ref-type="fig"}) were significantly increased in ox-LDL group compared with control group, but the expression of LC3-II ([Fig 6A and 6E](#pone.0154820.g006){ref-type="fig"}) was markedly reduced in ox-LDL group, suggesting that treatment with ox-LDL activates the PI3K /m-TOR pathway and inhibits autophagy flux in THP-1 cells. As expected, NC treatment significantly decreased the expression of p62, p-p70S6K, p-mTOR and PI3K as compared with those in cells treated with ox-LDL alone. The level of LC3-II in NC-treated group was markedly higher than that in ox-LDL group. However, these effects of NC were eliminated by treatment with 740Y-P, an activator of PI3K. Taken together, these results indicate that NC abolishes ox-LDL-induced PI3K/m-TOR activation and consequently restores autophagy flux in ox-LDL-treated THP-1 cells.

![NC rescues autophagy flux via inhibiting the PI3K /m-TOR pathway.\
(A) THP-1 cells were treated with vehicle, ox-LDL (100 μg/ml), ox-LDL (100 μg/ml) +NC (10 μM), ox-LDL (100 μg/ml) +NC (10 μM) + 740Y-P (20 μM), and ox-LDL (100 μg/ml) + vehicle for 36 h. Cell lysates were collected and analyzed by western blotting assay for PI3K (85 kDa), p-mTOR (289 kDa), p-p70S6K (70 kDa), LC3-I (18 kDa), LC3-II (16 kDa), and p62 (62 kDa) protein levels. Each lane was loaded with 20 μg proteins for all experiments. (B, C, D, and E) The relative optical density values of PI3K, p-mTOR, p-p70S6K, LC3-II, LC3-I, and p62 to GAPDH, respectively, were quantified with Sigma Scan Pro5 software. All the data were shown as mean ± SEM of 3 independent experiments. NS: no significant difference. \**P* \< 0.05, \*\**P* \< 0.01.](pone.0154820.g006){#pone.0154820.g006}

Discussion {#sec021}
==========

Macrophage foam cell formation plays a critical role in the development of atherosclerosis. Our previous studies indicated that NC, a curcumin derivate, has beneficial effects in prevention of atherosclerosis \[[@pone.0154820.ref021]\]. However, the underlying mechanisms remain unclear. In the present study, we found that autophagy prevented foam cell formation in ox-LDL-treated THP-1 cells, and NC normalized the autophagy flux likely through a PI3K-Akt/mTOR-dependent mechanism. Furthermore, we conclude that NC reduces foam cell formation in ox-LDL-induced THP-1 cells through restoring autophagy flux.

Autophagy was found to play critical roles in lipid metabolism and the pathogenesis of atherosclerosis \[[@pone.0154820.ref029], [@pone.0154820.ref030]\]. In present study, we evaluated the influence of ox-LDL on autophagy flux by determining the LC3II and p62 levels in THP-1 cells. LC3, as a marker of autophagy, has two forms. LC3-I is mainly present in the cytoplasm and can be transformed into LC3-II when autophagy occurs. LC3-II is located on the membrane of AP and degraded by hydrolase in the lysosomes when AP is formed. P62, also known as SQSTM1, is a target and receptor for autophagy, which expression is usually assessed to evaluate the level of autophagy flux. In general, LC3II level positively correlates with AP numbers \[[@pone.0154820.ref031]\], but p62 level is negatively associated with autophagy flux \[[@pone.0154820.ref010], [@pone.0154820.ref011]\]. Our results revealed that ox-LDL significantly impaired autophagy flux in THP-1 cells with a decreased LC3II, and an elevated p62 level. The PI3K/Akt/mTOR signaling is an important pathway to regulate autophagy. It was observed that ox-LDL treatment markedly increased the levels of PI3K, p-mTOR, and p-p70S6K in THP-1 cells, which is in agreement with the previous study showing that ox-LDL inhibits autophagy via activating the PI3K/Akt/mTOR pathway in vascular smooth muscle cells. These data have shown that ox-LDL inhibits autophagy in THP-1 cells.

Next, we evaluated the effect of autophagy on foam cell formation and intracellular accumulation of total cholesterol in ox-LDL-treated THP-1 cells using autophagy inhibitor CQ and autophagy inducer rapamycin, respectively. Our results indicated that blocking autophagy flux increased Oil Red O-positive staining and intracellular total cholesterol contents in THP-1 cells in response to incubation with ox-LDL, while activation of autophagy exerted the opposite effect. These findings further confirmed that autophagy prevents intracellular lipid accumulation and foam cell formation \[[@pone.0154820.ref016], [@pone.0154820.ref032]\], suggesting that regulation of autophagy may serve as a novel and more effective approach to inhibiting and reversing atherosclerosis.

In the present study, we found that curcumin derivative NC restored autophagy flux and thus decreased foam cell formation in ox-LDL-treated THP-1 cells. Our western blotting results showed that 10 μM NC significantly increased the expression of LC3-II and lowered the level of p62 protein in ox-LDL-treated THP-1 cells, suggesting that NC can rescue impairment of autophagy flux induced by ox-LDL. Meanwhile, our TEM results also indicated that NC rescued autophagy in ox-LDL-treated THP-1 cells as indicated by an increase in APs and ALs. Furthermore, the tandem mCherry-GFP-LC3 reporter assay confirmed that NC obviously facilitated the process of autophagy flux in ox-LDL-treated THP-1 cells. Taken together, these data have revealed that NC rescues the impaired autophagy flux in ox-LDL-treated THP-1 cells.

Then we further explored the underlying mechanism of NC restoration of autophagy flux in ox-LDL-induced THP-1 cells. Autophagy is negatively regulated by the PI3K/Akt/mTOR pathway. It has been shown that class-I PI3K is essential for mTOR-downstream signaling \[[@pone.0154820.ref033]\]. Activation of PI3K leads to Akt phosphorylation, and phosphorylated Akt subsequently promotes phosphorylation and activation of mTOR. In this study, we have revealed that ox-LDL blocks autophagy flux likely through activation of mTOR signaling, and NC rescues the impaired autophagy flux in ox-LDL-treated THP-1 cells. Furthermore, other studies have indicated that curcumin induces autophagy via inhibiting the PI3K/Akt/mTOR pathway \[[@pone.0154820.ref034], [@pone.0154820.ref035]\]. However, it was previously unknown whether NC, a curcumin derivative, also facilitates autophagy flux through the same mechanism as curcumin. In the present study, NC significantly inhibited ox-LDL-induced PI3K/Akt/mTOR activation and impairment of autophagy flux in THP-1 cells, as indicated by the reduced levels of PI3K, p-mTOR, p-p70S6K and p62, and an increase in LC3-II level. Notably, the above effects of NC were abolished by treatment with 740Y-P, an activator of PI3K. These data suggest that NC restores autophagy flux in ox-LDL-treated THP-1 cells likely via inhibition of the PI3K/Akt/mTOR pathway.

Here, we have clearly demonstrated that NC inhibits foam cell formation in ox-LDL-treated THP-1 cells though restoring autophagy flux. Recently, several studies have indicated that autophagy facilitates intracellular lipid droplet degradation and cholesterol efflux and thus impedes foam cell formation \[[@pone.0154820.ref016], [@pone.0154820.ref017], [@pone.0154820.ref018]\]. In the current study, we first determined the effects of NC on foam cell formation and intracellular ox-LDL accumulation. Our results showed that NC greatly decreased intracellular lipid aggregation ([Fig 3A and 3B](#pone.0154820.g003){ref-type="fig"}) and foam cell formation in THP-1 cells ([Fig 3C and 3F](#pone.0154820.g003){ref-type="fig"}). It is well known that intracellular cholesterol ester content is associated with lipid uptake and cholesterol efflux. To further confirm that NC attenuates foam cell formation through rescuing autophagy flux, we examined the colocalization of LDs with autophagosomal marker LC3-II. We found that a decrease in LDs was almost identical no matter whether THP-1 cells were co-treated with NC and ox-LDL or consecutively treated with ox-LDL and then NC, suggesting that NC lowers ox-LDL accumulation in THP-1 cells not through decreasing ox-LDL uptake. Importantly, the results from the current study clearly demonstrated that NC significantly decreases the levels of total cholesterol and cholesterol esters, and increases the cholesterol efflux to apoA-I and HDL in THP-1 cells exposed to ox-LDL cholesterol. However, the above protective effects of NC against THP-1 foam cell formation could be abolished by 3-MA, a lysosome-independent inhibitor of autophagy, or CQ, an autophagy-lysosome inhibitor. These data indicate that NC prevents THP-1 foam cell formation through restoring autophagy flux that promotes the degradation of LDs to generate free cholesterol, which is mainly for ABCA-1 dependent efflux.

In conclusion, the results from the present study show that autophagy flux is impaired in ox-LDL-treated THP-1 cells, leading to a decrease in the degradation of ox-LDL and intracellular accumulation of lipids. Most importantly, we have demonstrated that NC rescues the impaired autophagy flux likely through inhibiting the PI3K/mTOR pathway, which may facilitate lipophagy and cholesterol efflux and ultimately attenuates the foam cell formation in ox-LDL-treated THP-1 cells. Therefore, our study provides a novel mechanism for NC to prevent THP-1 foam cell formation and highlights the regulation of autophagy as a promising therapeutic avenue for treatment of atherosclerosis.
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